ABSTRACT ELLAR, D. J. (Syracuse University, Syracuse, N.Y.), AND D. G. LUNDGREN. Fine structure of sporulation in Bacillus cereus grown in a chemically defined medium. J. Bacteriol. 92:1748Bacteriol. 92: -1764Bacteriol. 92: . 1966.-A study was made of the fine structure of sporulating cells of Bacillus cereus grown in a chemically defined medium. The developmental stages of sporulation occurred in a fairly synchronous manner and were complete by 14 hr. This time period was shortened when spore wall peptide components were added to the medium, but the addition had no effect upon fine structure except to thicken the cell wall. Sporulation could be separated into six morphological stages which generally agreed with those published for other sporulating bacteria. The initiation of the spore (forespore) septum takes the form of an inward folding of the cytoplasmic membrane toward the pole of the cell. The inward folding forms a characteristic Y-shaped membrane structure enclosing an area within which vesicles are found. These vesicles comprise the perisporal mesosome of the cell. The membranes on opposite sides of the cell progress toward the cell center where they fuse to form the double unit membrane of the spore septum. As the proliferation of the sp ore septum continues, the vesicular areas move towards the pole. The end result is a double forespore membrane which completely encloses a part of the vegetative cell's chromatin. Sporal mesosomes, as well as membrane vesicles, are involved in the proliferation of the forespore. Vesicles are generally bounded by a single unit membrane, whereas in the sporal mesosomes s everal unit membranes are arranged concentrically. The latter become associated with the segregation of a portion of the nuclear material into the forespore region of the cell.
As knowledge of the physiology and genetics of bacterial sporulation advances, it becomes increasingly important to relate cytological changes at the fine-structure level to known cell functions. By this means, a more complete understanding of the process may be obtained. The chemical composition of the bacterial cytoplasm changes with time during spore formation. Therefore, the precise time at which morphological changes occur must be known if any valid relationships between structure and biochemical function are to be established.
To obtain a comprehensive understanding of sporulation in Bacillus cereus ATCC 4342 grown in a chemically defined medium, it became necessary to compare the results of our biochemical investigations (3) with the changes taking place in fine structure. In earlier investigations, Fitz-James (10) examined in detail the fine structure of sporulation in B. cereus var. alesti, and Ohye and Murrell (29) studied sporulation in B. coagulans. Ryter (33) has recently characterized the nature and timing of these changes in B. subtilis. Although these and other workers have made valuable contributions to our understanding of the fine structure of sporulation, none of the reports deals with growth of B. cereus in a chemically defined medium. As a result, it was necessary to initiate a cytological investigation to determine what differences, if any, resulted from growth under these conditions. In addition, the sequential nature of physiological changes during sporulation made it necessary, for purposes of comparison between structure and function, to study the precise timing of the changes in fine structure during this process in the defined medium. A characterization of these cytological changes also provides a control in our studies with sporulation mutants of B. cereus (25) and in comparisons with other sporulating bacteria.
SPORULATION IN BACILLUS CEREUS MATERIALS AND METHODS
The organism used was B. cereus ATCC 4342. Cultures were generally grown in a glucose-glutamateglycine-salts medium under forced aeration, as described by Cooney and Lundgren (6) . To shorten the period of vegetative growth and obtain greater morphological homogeneity (sporulation synchrony), the glucose concentration of this medium was reduced to 1 g per liter. In one series of experiments, the minimal medium was supplemented with the addition of a mixture of spore wall peptide components (SPWPC); this mixture, which was essentially that described by Powell and Strange (31) , contained 200 jug/ml each of L-alanine, L-aspartic acid, a-e-diaminopimelic acid, and D-glucosaminic acid. All cultures were harvested at 1 5-min intervals and fixed immediately with osmium by use of the agar block method of Kellenberger, Ryter, and Sechaud (22) . Complete details of postfixation treatment and embedding procedures for this organism have been previously described (30) . In some instances, this fixation method was modified by the omission of tryptone from the overnight fixation treatment or the substitution of 0.13 M S-collidine for the standard acetate Veronal buffer. Although the aforementioned omission or substitution led to poor fixation of nuclear material, it seemed to enhance contrast in cell membranes. Sections were cut with glass knives on an MT-2 Porter Blum ultramicrotome, transferred to carbon-coated copper grids, and poststained with either basic lead hydroxide (38) 
RESULTS
Characterization of the overall cytological changes during sporulation. The diagrammatic account of sporulation in B. cereus seen in Table 1 indicates the time of occurrence, duration, and gross morphological features of sporangium formation in cultures grown at 37 C in the chemically defined medium. The time from inoculation with an actively growing culture of vegetative cells to the production of 95% mature stainable sporangia is about 14 hr. Vegetative growth (followed turbidimetrically) ceases effectively at 5.5 to 6 hr, and spore formation follows. On the basis of electron microscopic observations, the sporulation process can be divided into six stages. When the defined medium was supplemented with the mixture of spore wall peptide components, significant time reductions in this culture cycle were observed. For example, mature stainable sporangia formed at a faster rate, and the time between inoculation and the appearance of 95 % mature stainable sporangia was reduced to 10 hr. Despite this acceleration in the process, no differences were noted in the fine structure of cells \\\,~~12-14 (10) (11) a The duration of each stage in the defined medium is indicated. Times in parentheses indicate the duration of the same stage on the medium supplemented with SPWPC. grown in the two media, except for a general thickening of the cell wall, which averaged approximately 250 A.
Fine structure of sporulation. During stage 1 of sporulation, the nuclear material appears in the form of an axially disposed filament (Fig. 1) . The development of a sporal mesosome occurs at this time, which subsequently becomes associated with the segregation of that portion of the axial filament which will be enclosed by the spore septum. The mesosome in this instance comprises at least two concentric unit membranes (opposing arrows). Embedded in the nuclear fibrils at the opposite pole of the cell (opposing triangles) is an apparently unconnected strand of unit membrane. Such a strand has been observed on a number of occasions in B. cereus, and also in an asporogenic mutant of the same organismn blocked after stage 1 of sporulation (25) . The large circular electron-transparent area represents a granule of 2a [8] [9] Iel.M-.m M"MM.W%, \\\\" \.'\, \\\\ \\\\ 9-10 (7-8) ,\\\V Xl.
WII (8) (9) Fig. 11 . The nuclear material is fairly weil distributed throughout the forespore, and cortical material will begin to appear between the opposed components of the forespore membrane. The beginning of the exosporium is also seen in this micrograph. Figure 12 shows a later stage 4 with the first stage of cortex development manifested by the electron-dense layer. This dense layer will be followed by the development of a second less dense cortical layer. The two unit membranes enclosing the dense cortical layer are not shown in this section.
Stage 5 is seen in Fig. 13 and 14, which show transverse sections of cells. No nuclear material is visible within the spore core, but ribosomal aggregates can be seen heavily stained with lead. The inner membrane of the initial spore septum is now the restricting membrane of the spore core, and some invaginations of this membrane are visible extending into the spore cytoplasm (Fig. 14) Figure 15 shows a cell at a slightly earlier stage of development than Fig. 16 . The structures described previously are readily apparent and in Fig. 15 the two coat layers are seen separated. This may be an artifact, since the coats are often seen closer together as in Fig. 16 . A parasporal layered struture is seen (arrow) within the exosporium, resembling that reported for B.
cereus T (16).
Several attempts have been made by other workers (24, 36) to isolate mesosomes or membranous structures from microorganisms, and with these studies in mind spontaneously lysed cells were examined for membrane structures. Figure 17 shows membranous vesicles in a lysed cell. Al (33) . The addition of SPWPC shortens sporulation time by 4 hr without affecting any of the morphological features of the process. The thickness of the cell wall did increase, indicating some preferential synthesis of the wall. In this study, when other metabolites, such as various amino acids and growth factors, were added to the defined medium, vegetative growth was prolonged and the sporulation time increased. The effect of the SPWPC therefore seems to be specific for sporulation.
The involvement of a membranous structure in the separation of a portion of the vegetative cell chromatin during sporulation has been confirmed (10, 29, 33, 40) . What is believed to be the remnant of this sporal mesosome is seen within the forespore, indicating that it is enclosed during the proliferation of the spore septum. Previous reports (10, 40) show that the spore septum is formed by a solid doubling of the cytoplasmic membrane in which the membranes remain adhered to each other. Our studies with B. cereus show that a doubling does indeed occur, and that the initial membrane folding may result in a hollow rather than a solid structure. The appearance of vesicular structures within this membrane fold may be compared to Fitz-James' micrograph ( Fig. 9 of reference 11) showing the involvement of vesicular membrane profiles in a mutant of B. thuringiensis. However, the mutant is blocked from proceeding beyond stage 2 in sporulation. The vesicles, as seen in the early stages of sporulation, may represent the perisporal mesosome whose disorganized structure is a consequence of growth in the "abnormal" conditions of a chemically defined medium. Alternatively, these structures may be artifacts resulting from perisporal mesosome dissolution during specimen fixation. Fitz-James has shown such a dissolution of Bacillus megaterium mesosomes (12) . . . . . . . . . . . . . . . . . . . b b . . , , . (37) and Mycobacterium leprae (20) . Small vesicular components which occur in the cells of higher organisms have been studied in a number of laboratories. These vesicles are frequently found adjacent to, or continuous with, the plasma membrane, from which they appear to be formed by a process of membrane infolding (8, 23) . Bennett has suggested that membrane movement and vesiculation within the cell might provide a mechanism for active transport and ion pumping (2). From observations on the uptake of colloidal particles by mesothelial cells. Odor (28) suggested that transport across the plasma membrane involves the formation of plasma membrane invaginations, which are subsequently pinched off to form intracellular vesicles. The vesicles are distributed throughout the cytoplasm and can coalesce with each other. As was noted by Kessel (23) , such a membrane vesiculation mechanism might conceivably be of importance in the entry of high molecular weight compounds into the cell, e.g., the entry of deoxyribonucleic acid during the transformation process. The possibility also exists that such a vesiculation process might occur in reverse, enabling the cell to excrete certain macromolecules (extracellular enzymes) into the environment.
Murray (27) has suggested that the intrusions of the plasma membrane in some microorganisms may represent expansion of membrane surface to meet additional needs. If this view is correct, the vesicles which we observe may represent a structural combination of membrane precursors and enzymatic machinery developed in response to these needs. Our observations of spore septum development, together with those of other workers on transverse septum formation, seem to indicate that the combination of membrane fold and vesicular units serves to localize specific synthetic activity at a particular site within the cell. That such a specific synthetic activity does occur during the formation of the membranes of the spore (14) , that cell wall-synthesizing mechanisms may be located outside the cytoplasmic membrane. Martin (26) has suggested that certain enzyme systems concerned with nutrient uptake may be located between the cell wall and cytoplasmic membrane. Aside from the apparent involvement of the vesicles in spore formation, we have as yet no definitive information regarding the function of these structures. The final answer must await further experimental studies. Gibson (17) has suggested that some of the vesicular membrane invaginations in Rhodopseudomonas spheroides are involved in oxidative reactions. This is particularly interesting with regard to Fig. 17 (inset In general, therefore, the fine structure of sporulation in a chemically defined medium is comparable to that reported for cells grown in a complex medium. We have yet to examine free spores by electron microscopy, but no structural variation is anticipated, except for an increase in the transparency of the cortex and perhaps a loss of the ribosomes' affinity for lead. Indications of a parasporal inclusion body resembling that reported for B. cereus T (16) were seen within the exosporium of some cells. In the present study, the exosporium was always resolved as a single dense layer with no signs of the nap of hairlike projections seen by other workers (16) . This nap may, however, occur on the exosporia of free spores.
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